The synthesis of a new class of benzotriazole-derived αamino acid is described using a highly efficient nucleophilic aromatic substitution of ortho-fluoronitrobenzenes with L-3-aminoalanine and a polymer-supported nitrite reagent-mediated diazotization and cyclization of the subsequent 1,2-aryldiamines as the key steps. Further functionalization of the benzotriazole unit by preparation of halogenated analogues and Suzuki−Miyaura cross-coupling with aryl boronic acids allowed the synthesis of α-amino acids with conjugated side chains. Analysis of the photophysical properties of these α-amino acids revealed that incorporation of electron-rich substituents results in charge-transfer-based, fluorescent compounds with MegaStokes shifts. Figure 1. Unnatural α-amino acids derived from L-3-aminoalanine. Article pubs.acs.org/joc Cite This:
■ INTRODUCTION
For many years, nonproteinogenic α-amino acids have been deemed as highly important targets for a range of applications. 1 In synthetic chemistry, they are widely used as chiral precursors, ligands, and catalysts and are found to be components of many natural products and pharmaceutically relevant compounds. 2 In medicinal chemistry and the life sciences, unnatural α-amino acids are commonly used as enzyme inhibitors or as probes to study biological mechanisms and protein structure and function. 3 In this regard, there have been significant efforts on the design and development of fluorescent unnatural α-amino acids as tools for a range of chemical biology applications. 4 Many important fluorescent αamino acid probes have been rapidly prepared by incorporating a chromophore within the side chain of L-3-aminoalanine. 5 These include the environment-sensitive and charge-transferbased dimethylaminophthalimide 1 6 and the related naphthalimide analogue 2, 7 which have been used for sensing protein−protein interactions (Figure 1) . Other examples include 6-acetylnaphthalene-substituted α-amino acid 3, which has been genetically incorporated into proteins and used to study protein−ligand and protein−protein interactions, 8 while dansyl-labeled L-3-aminoalanine derivative 4 has also been widely used to study biomolecular interactions and protein structural dynamics. 9 Various benzo-fused heterocycles have also been attached to the side chain of L-3aminoalanine and used as biological probes. For example, a nitro-substituted benzoxadiazole analogue 5 was found to be an environment-sensitive fluorophore and used to study the structure and function of a neurokinin-2 receptor. 10 An azide analogue of L-3-aminoalanine was used in a click-type reaction to attach a benzothiadiazole unit, resulting in a highly fluorescent α-amino acid 6 that is emitted in the visible region with a good quantum yield. 11 Previously, we have described the development of various classes of fluorescent α-amino acids incorporating a wide range of chromophores, including heterocycle-based systems. 12 While these studies have identified highly fluorescent, environment-sensitive probes that can be incorporated into peptides using solid phase peptide synthesis, we were interested in developing novel benzo-fused heterocyclic-based targets that could be accessed in relatively few steps from a common L-3-aminoalanine derivative and diversified at a late stage to access chromophores with a range of photophysical properties. Here, we report a general synthetic approach to benzotriazole-derived α-amino acids (Figure 1 ) from L-3aminoalanine using a nucleophilic aromatic substitution reaction with ortho-fluoronitrobenzenes and a mild one-pot diazotization and cyclization process of subsequent 1,2aryldiamines to form the key triazole ring. Tuning the photophysical properties of these novel chromophores through the incorporation of additional arene units using the Suzuki− Miyaura reaction with various halogenated benzotriazoles is also described.
■ RESULTS AND DISCUSSION
Our approach to α-amino acids bearing benzotriazole side chains is shown in Scheme 1. Initially, it was proposed that a suitably protected L-3-aminoalanine derivative 8 could be quickly accessed from L-asparagine via a Hofmann rearrangement. Nucleophilic aromatic substitution of ortho-2-fluoronitrobenzenes with 8, followed by nitro group reduction, would give a range of 1,2-aryldiamines 9 incorporating an α-amino acid component. The next stage required activation and cyclization of the 1,2-aryldiamines via a diazo intermediate. Filimonov and co-workers have previously shown that anilines can be activated as diazonium tosylate salts under mild conditions, using a polymer-supported nitrite reagent and ptosic acid. 13, 14 In addition to the mild conditions, the advantages of this approach include an operationally simple procedure and straightforward work-up and purification of the products. Various reports have demonstrated the synthetic utility of this activation process for one-pot multistep reaction of arenes. 13−15 In this project, the aim was to demonstrate that substrates such as 9 could be activated and cyclized for the general synthesis of benzotriazole-derived α-amino acids 10. Deprotection would then allow access to parent α-amino acids 11.
The first stage of the project investigated a short, scalable synthesis of an L-3-aminoalanine derivative. This was achieved in two steps and quantitative yield from commercially available N-Cbz-L-asparagine (12) via a Hofmann rearrangement using (diacetoxyiodo)benzene, 16 followed by esterification with thionyl chloride and methanol (Scheme 2). 17 The resulting L-3-aminoalanine derivative 14 was used in a nucleophilic aromatic substitution reaction with a series of orthofluoronitrobenzenes in the presence of triethylamine. 18 This reaction gave consistently high yields with both electron-rich and electron-deficient ortho-fluoronitrobenzenes. Reduction of the nitro moiety of compounds 15a−f, under chemoselective conditions with tin dichloride, proceeded smoothly to give αamino acid-substituted 1,2-aryldiamines 16a−f. Activation and subsequent cyclization of these key intermediates to the corresponding benzotriazoles using the polymer-supported nitrite reagent and p-tosic acid were then investigated. 15 A brief optimization study showed that performing this transformation at −10°C generated the majority of benzotriazoles 17a and 17c−f cleanly and, in good to high yields (57−82%). Synthesis of benzotriazole 17b from the more reactive, electron-rich pmethoxyphenyl substrate 16b was found to be less efficient (39%). 19 Deprotection of 17a−f was then conducted in a onepot process under acidic conditions. Purification by recrystallization gave α-amino acids 18a−f as the hydrochloride salts in 59−94% yields.
Having shown that α-amino acid-substituted 1,2-aryldiamines could be converted to the corresponding benzotriazoles under the mild conditions of the diazotization and cyclization process, the next stage of this project was to demonstrate that these heterocyclic motifs could be further functionalized, allowing the late-stage preparation of a more diverse series of novel α-amino acids. With the aim of producing fluorescent αamino acids, we sought to extend the conjugation of the benzotriazole heterocycle. This was achieved using a Suzuki− Miyaura reaction with bromide analogue 17c and a range of aryl boronic acids (Scheme 3). 20 To fully understand how substituents might affect the photophysical properties of the αamino acids, aryl boronic acids with electron-deficient or electron-rich substituents were investigated. Bromide analogue 17c was found to be an excellent coupling partner, allowing the preparation of a small library of conjugated benzotriazolebased α-amino acids in good to excellent yields (60−91%). Initial attempts at deprotecting amino acids 19a−f under acidic conditions previously utilized (Scheme 2; reflux, 20 h) did produce the target compounds, but less efficiently than expected. Therefore, a milder, two-step approach was utilized instead, involving base hydrolysis of the ester moiety, followed by a rapid acid-mediated deprotection of the amino group.
This gave the final α-amino acids 21a−f in 75−97% yields over the two steps.
A final target was prepared by investigating the functionalization of the methoxy-substituted benzotriazole 17b (Scheme 4). We have previously reported the highly regioselective halogenation of activated arenes using various N-halosuccinimides and the super Lewis acid, iron triflimide, easily prepared from iron(III) chloride and the commercially available ionic liquid, [BMIM]NTf 2 . 21 With the most activated para-position blocked, 22 it was expected that of the two ortho-positions, iron triflimide-catalyzed bromination of 17b with N-bromosuccinimide (NBS) would occur at the least hindered C-5′ position. Surprisingly, bromination occurred at the more hindered C-7′ position, giving 22 after 1 h as the sole product in 85% yield. This result was confirmed by 1 H NMR spectroscopy of 22 which clearly showed two separate aromatic hydrogen atoms with an ortho-coupling constant (9.0 Hz) . We propose that the amino acid moiety of 17b may be involved in directing the iron(III)-activated NBS complex to the C-7′ position. The brominated benzotriazole unit was then used to extend the conjugation of the heterocyclic unit. With the aim of preparing an electron-rich chromophore with charge-transfer properties, 22 was subjected to a Suzuki−Miyaura reaction with 4methoxyphenylboronic acid. This gave coupled product 23 in 66% yield. Deprotection of 23 was then conducted in a twostage process. As before, the methyl ester was hydrolyzed in high yield using cesium carbonate. Hydrogenation using 10% Pd/C proved to be the most efficient method for removal of the Cbz-protecting group. Formation of the hydrochloride salt and recrystallization gave α-amino acid 24 in 73% yield.
Following the synthesis of the benzotriazole-derived αamino acids, the photophysical properties were measured for each compound. The UV/visible absorption and photoluminescence spectra of the α-amino acids were recorded in methanol at a concentration of 1 × 10 −5 M. As expected, the nonconjugated benzotriazoles 18a−f and the electron-deficient 5-(p-nitrophenyl)benzotriazole 21d displayed no fluorescence in methanol. In contrast, the electron-rich, aryl-conjugated benzotriazoles 21a−c, 21e, 21f, and 24 all showed strong fluorescence with emission maxima in the visible region, ranging from 384 to 454 nm ( Figure 2b and Table 1 ). 23 These compounds also possess MegaStokes shifts that are important in avoiding reabsorption. The nonrigid nature of these chromophores allows vibration relaxation in the excited and ground states, resulting in very large Stokes shifts. α-Amino acids 21a and 21e were also shown to have good quantum yields of 17 and 18%, respectively, and consequently, the highest brightness values.
As the p-methoxyphenyl-substituted benzotriazole 21a showed a number of favorable photophysical properties and was found to be the brightest α-amino acid, it was decided to further explore the potential applications of this compound with a solvatochromic study. As expected, the absorption maxima (256 nm) in tetrahydrofuran (THF), methanol, and phosphate-buffered saline (PBS) were found to be independent of polarity ( Figure 3a ), indicating negligible intramolecular interactions between the electron-rich methoxyphenyl and electron-deficient benzotriazole moieties in the ground state. In contrast, the emission spectra were found to be highly dependent on the solvent used, with increasing polarity leading to broadened structureless emission spectra at longer wavelengths ( Figure 3b ). 24 For example, in THF, an emission maximum at 372 nm was observed, while in PBS, the emission maximum was found to be at 449 nm. The bathochromic shift of 21a is indicative of greater stabilization of the highly polar, excited state by the reorganization and relaxation of the dipoles of the increasingly polar solvent molecules. The broadened emission spectra of 21a in more polar solvents are due to a combination of locally excited and internal charge transfer states. 25 These two components can be observed in the emission spectrum in methanol, where the shoulder peak and the main band at longer wavelength are due to the locally excited and internal charge transfer states, respectively.
■ CONCLUSIONS
In summary, a new class of heterocycle-containing α-amino acid has been synthesized using a nucleophilic aromatic substitution reaction of 2-fluoronitrobenzenes with a 3aminoalanine derivative and a one-pot diazo activation and cyclization process using a polymer-supported nitrite reagent under mild conditions. The structural diversity of these compounds was increased by Suzuki−Miyaura cross-coupling reactions with bromine-substituted benzotriazoles. Investigation of the photophysical properties of the resulting α-amino acids with extended conjugation showed that benzotriazoles with electron-rich aryl substituents were strongly fluorescent in the visible region and displayed MegaStokes shifts. The environment-sensitive nature of these compounds was also demonstrated with a solvatochromic study of α-amino acid 21a, which showed a bathochromic shift in more polar solvents. Future work will explore an expansion of the structural diversity of these benzotriazole-derived α-amino acids and investigate their potential for biological imaging.
■ EXPERIMENTAL SECTION
The synthesis of 13 and 14 has been previously described in the literature. 16, 17 All reagents and starting materials were obtained from commercial sources and used as received unless otherwise stated. Dry solvents were purified using a solvent purification system. Brine refers . IR spectra were recorded on a FTIR spectrometer; wavenumbers are indicated in cm −1 . Mass spectra were recorded using electron impact or electrospray ionization techniques. HRMS spectra were recorded using a dual-focusing magnetic analyzer mass spectrometer. Melting points are uncorrected. Optical rotations were determined as solutions irradiating with the sodium D line (λ = 589 nm) using a polarimeter. [α] D values are given in units 10 −1 deg cm 2 g −1 . Fluorescence spectra were recorded on a spectrofluorophotometer. Emission data were measured using an excitation slit width of 3 nm and emission slit width of 3 nm. Quantum yield data were measured using anthracene and L-tryptophan as standard references. (14) (0.250 g, 0.991 mmol) in acetonitrile (7.5 mL) under argon were added 2-fluoronitrobenzene (0.310 mL, 2.97 mmol) and triethylamine (0.410 mL, 2.97 mmol), and the reaction mixture was stirred under reflux for 16 h. After cooling the reaction to ambient temperature, the solvent was removed in vacuo. The resulting residue was dissolved in ethyl acetate (50 mL), washed with water (3 × 50 mL), and brine (50 mL). The organic layer was dried (MgSO 4 ), filtered, and concentrated in vacuo. Purification by flash column chromatography eluting with 0−20% ethyl acetate in dichloromethane gave methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(2′nitrophenyl)amino]propanoate (15a) as a yellow solid (0.330 g, 89%) . mp 82−84°C; IR (neat) 3348, 2956, 1721, 1620, 1512, 1265, 1234, 741 (0.643 g, 96%) . IR (neat) 3360, 2951, 1738, 1726, 1626, 1501, 1228, 1217, 978 (0.320 g, 0.857 mmol) in methanol (12 mL) was added tin(II) dichloride dihydrate (0.970 g, 4.29 mmol) , and the reaction mixture was stirred under reflux for 20 h. After cooling the reaction to ambient temperature, the solvent was removed in vacuo, and the resulting residue dissolved in ethyl acetate (50 mL) and mixed with a saturated solution of aqueous sodium hydrogen carbonate (30 mL). The biphasic mixture was filtered through a pad of Celite and the organic layer separated from the aqueous layer. The product was further extracted from the aqueous layer with ethyl acetate (2 × 30 mL), and the combined organic layers were washed with brine (50 mL), dried (MgSO 4 ), filtered, and concentrated in vacuo. Purification by flash column chromatography eluting with 10% ethyl acetate in dichloromethane gave methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(2′aminophenyl)amino]propanoate (16a) as a white solid (0.244 g, 83%) . This material was then used immediately in the following step. To a solution of methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(2′aminophenyl)amino]propanoate (16a) (0.244 g, 0.711 mmol) in acetonitrile (12 mL) at −10°C was added p-toluenesulfonic acid (0.405 g, 2.13 mmol) and polymer-supported nitrite (0.609 g containing 2.13 mmol of NO 2 − ), and the reaction mixture was stirred at this temperature for 3 h. The reaction mixture was filtered, and the resin was washed with dichloromethane (50 mL). The organic layers were washed with a saturated solution of aqueous sodium hydrogen carbonate (50 mL) and brine (50 mL), dried (MgSO 4 ), filtered, and concentrated in vacuo. Purification by flash column chromatography eluting with 10% ethyl acetate in dichloromethane gave methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(1H-benzo [d] [1.2.3] triazol-1′-yl)propanoate (17a) as a white solid (0.148 g, 59%) . mp 82−85°C; IR (neat) 3325, 2955, 1713, 1504, 1211, 1057, 741 Methyl (9.00 g, 19.9 mmol) and tin(II) dichloride dihydrate (22.0 g, 99.5 mmol) in methanol (100 mL). Purification by flash column chromatography eluting with 0−20% ethyl acetate in dichloromethane gave methyl (2S)-2-(benzyloxycarbonyl)amino]-3-[(4′-bromo-2′-aminophenyl)amino]propanoate (16c) as a brown oil (6.42 g, 76%) . The next step was carried out as described previously using methyl (2S)-2-(benzyloxycarbonyl)amino]-3-[(4′-bromo-2′-aminophenyl)amino]propanoate (16c) (6.30 g, 14.9 mmol), p-toluenesulfonic acid (8.50 g, 44.7 mmol) (20 mL) . Purification by recrystallization from methanol and diethyl ether gave (2S)-2amino-3-(5′-bromo-1H-benzo [d] [1.2.3] triazol-1′-yl)propanoic acid hydrochloride (18c) as a pale brown solid (0.103 g, 78%) . mp 168−172°C; IR (neat) 3387, 2847, 1744, 1474, 1211, 802 = 5.9, 4.0 Hz, 1H), 5.24 (dd, J = 15.5, 4.0 Hz, 1H), 5.34 (dd, J = 15.5, 5.9 Hz, 1H), 7.73 (dd, J = 8.8, 1.7 Hz, 1H), 7.78 (dd, J = 8.8, 0.5 Hz, 1H), 8.26 (dd, J = 1.7, 0.5 Hz, 1H) ; 13 4.78 (dd, J = 5.5, 4.2 Hz, 1H), 5.22 (dd, J = 15.5, 4.2 Hz, 1H), 5.32 (dd, J = 15.5, 5.5 Hz, 1H) 
